Ternary Ni-W-P films were produced by electroless deposition using baths with different tungsten concentrations. After deposition, the coated surfaces were annealed at 400°C for 1h. Surface morphology and film composition in the as-plated condition were assessed by SEM and EDS analyses, respectively. The crystalline phases after annealing were investigated by X-ray diffraction (XRD). Nanoindentation tests were performed to assess the mechanical properties of the deposited films. Surface roughness was determined by confocal laser scanning microscopy (CLSM). Friction coefficient was evaluated by reciprocating were tests in a nanotribometer. The corrosion behavior was evaluated by potentiodynamic polarization curves. The results showed that the surface morphology, crystallization behavior and corrosion resistance were affected by the tungsten content in the film. The best corrosion performance was obtained for the ternary films after annealing. Hardness, surface roughness and friction coefficient were dependent of the tungsten concentration in the film.
Introduction
Electroless deposition of Ni-P alloys is traditionally employed to produce films with good adhesion to metallic substrates even with complex geometries, improving both wear and corrosion resistances of the coated surface 1, 2 . Engineering applications are, therefore, well-established in several areas such as automotive, textile, chemistry and aeronautics industries 3 . Metallic rebars used as reinforcements of cementitious materials can be protected against chlorideinduced corrosion by Ni-P films 4 . Furthermore, components for the petrochemical industry are frequently protected by electroless Ni-P plating such as valves, risers, pumps and pipes 5, 6 . Corrosion resistance is a major concern in all these applications.
The overall performance of binary Ni-P alloys can be enhanced by adding a third element to the deposition bath, thus obtaining ternary coatings. In this context, co-deposition of several elements such as copper, cobalt, tin and cerium has been carried out to modify the original properties of regular Ni-P coatings [7] [8] [9] [10] . Properties such as thermal stability, corrosion resistance, electronic conductivity and wear resistance can be improved by properly controlling bath conditions and composition 11, 12 .
Tungsten plays a central role in this scenario. Tungsten co-deposition in Ni-P matrix has been tested by different authors with the aim at obtaining improved surface properties, especially regarding corrosion and wear characteristics, consolidating and expanding the industrial applications of Ni-P alloys. Palaniappa and Seshadri 13 showed that tungsten addition enhanced the wear resistance of electroless Ni-P coatings due to solid solution strengthening of the nickel matrix with the incorporation of tungsten. Furthermore, tungsten addition reduces the phosphorus content of the film and modifies its crystalline structure 14 . As a result, the corrosion behavior of Ni-W-P coatings depends on the tungsten content incorporated into the film. There are reports indicating that the corrosion resistance scales with the tungsten content in the film 15, 16 . Notwithstanding, there is no consensus in the literature, and conflicting results can be found. Balaraju et al. 17 , for instance, observed that the corrosion resistance of electroless Ni-P films was not improved by tungsten addition. Different responses can arise from interactions between coating morphology, crystalline structure and composition. Yet, it is a common practice to subject the coated substrates to annealing treatments in order to promote the formation of specific crystalline phases that impart high hardness and wear resistance to the films in comparison with the as-deposited condition 18 . The hardness . The conflicting results reported in the literature regarding the effect of tungsten concentration on the corrosion behavior of electroless Ni-W-P films have motivated the present investigation. Thus, the aim of the present work was to study the effect of tungsten concentration on the corrosion resistance of electroless Ni-P films. After deposition, the films were subjected to an annealing treatment at 400°C for 1 h. Next, the annealed films were characterized with regard to their crystalline structure, surface morphology, roughness, hardness, friction and electrochemical behavior.
Experimental

Electroless deposition and heat treatment
SAE 1020 carbon steel (0.20 wt.% C, 0.35 wt.% Mn, 0.02 wt.% P, 0.02 wt.% S, Fe balance) specimens with dimensions 3.0 x 2.0 x 0.1 cm were used as substrates for the electroless deposition of Ni-W-P films. Initially, the specimens were degreased in ethyl alcohol, cleaned by immersion in NaOH 10 wt.% solution at 50°C for 10 minutes and washed in deionized water. Next, surface activation was carried out in sulfuric acid solution (30%vol) for 30 s, followed by washing in deionized water. After activation, the specimens were immersed in the plating bath.
The plating bath consisted of nickel sulfate (NiSO 4 .6H 2 O), sodium citrate (Na 3 C 6 H 5 O 7 .2H 2 O), sodium hypohosphite (Na 2 H 2 PO 2 .H 2 O) and sodium tungstate (Na 2 WO 4 .2H 2 O). Different compositions were prepared according to Table 1 . Bath pH was controlled during deposition using ammonium hydroxide to maintain an alkaline character with pH = 9.0. This is an important step during deposition, since the bath is unstable at acidic pH, forming precipitates. Moreover, the deposition rate is optimized at pH = 9 and the charge transfer resistance is low 20, 21 . Bath temperature was adjusted to 90°C. Deposition was conducted over 2 h. After deposition, the specimens were removed from the bath, thoroughly washed in deionized water and dried in a warm air stream provided by a simple air blowing gun.
Following plating, the specimens were annealed at 400°C in a tubular furnace under air for 1 h. This annealing condition is well-established in the literature for Ni-P films in order to promote the formation of Ni 3 P, increasing hardness and achieving the best surface properties 16 . Then, the specimens were furnace-cooled and stored for characterization.
Film characterization
The specimens obtained in baths 1 to 5 (see Table 1 ) were characterized by X-ray diffraction (XRD) in order to investigate the effect of the tungsten content on the crystalline phases present in the coating layer. The specimens were first subject to an annealing treatment at 400°C in tubular furnace under air for 1 h. This temperature was chosen based on literature reports which indicate that the precipitation of Ni 3 P occurs at this this temperature 19, 22 . The measurements were made using a Rigaku DMAX-2000 diffractometer with Cu-kα radiation in the 2θ range from 10° to 70°.
Film morphology was assessed using a scanning electron microscope (LEO 440i) equipped with EDS detector (Oxford, energy dispersive X-ray spectroscopy) to determine the overall chemical composition of the as-deposited coatings. For analysis of film thickness the samples were embedded in cold curing epoxy resin. After complete curing (6 h), the samples were ground using SiC emery paper (#600 and #1200), washed with deionized water and dried. Next, film thickness was determined from analysis of cross-sections of SEM micrographs of the different coatings (Hitachi TM3000 microscope). Coating roughness was determined using confocal laser scanning microscopy (CLSM -Olympus LEXT OLS4100). Profile line-scans were determined for five different regions and the average roughness parameter Ra was calculated.
Nanoindentation tests were performed using a NHT 2 Nanoindentation tester (Anton Paar) with a Berkovich indenter. The tests were carriet out at a loading rate of 100 mN/min, peak load of 50 mN and unloading rate of 100 mN/min. The peak load was applied for 2 s. The values of hardness and Young's modulus were determined from load versus penetration depth curves using the Oliver & Pharr method. The results reported here express the average of eight indentations per specimen. Friction characteristics were assessed by dry sliding reciprocating wear tests using NTR 2 Nanotribometer (Anton Paar). The tests were conducted using a 2 mm-diameter chromium steel ball as counter body, applying a normal load of 20 mN, frequency of 2 Hz and wear track amplitude of 1.5 mm. The variation of the coefficient of friction as a function of the sliding distance was registered during 30 minutes. Electrochemical measurements were performed using a Ivium nStat potentiostat/galvanostat in a conventional three-electrode cell setup with a platinum wire as counterelectrode, Ag/AgCl as reference and the coated specimens as working electrodes. Initially, the open circuit potential (OCP) was monitored until a steady state has been reached. Next, potentiodynamic polarization curves were acquired in the potential range from -300 mV versus the OCP up to +1,0 V Ag/AgCl at a sweep rate of 1 mV.s -1 . All potentials mentioned in the text are referred to the Ag/AgCl system. The electrolyte was a 3.5 wt.% NaCl solution at room temperature. The tests were conducted in triplicate.
Results and Discussion
Film structure
XRD patterns of the films produced in baths 1 to 5 are shown in Fig. 1 . The two main peaks at 44.5° and 51.8° correspond to reflections of Ni (111) and Ni (200) planes. Nickel nanometric crystallites can be formed on Ni-W-P after annealing 23 . The crystalline state of the annealed coatings is confirmed by the presence of several reflections ascribed to Ni 3 P phase. Phase transformations studies of electroless nickel deposits point to the precipitation of Ni 3 P crystallites at temperatures above 350°C up to 500°C, depending on the composition of the plating bath 24, 25 . Diffractograms in Fig. 1 unequivocally confirm the presence of Ni 3 P crystallites, independently of the tungsten concentration in the plating bath. One interesting finding is the relative proportion between the Ni (111) and Ni (200) reflections. As the tungsten concentration in the plating bath increases from bath 1 to 5 the Ni (200) peak becomes less intense and the Ni (111) increases, indicating that the incorporation of tungsten into the Ni-P matrix modify its crystallization behavior. A similar finding was reported by Balaraju et al. 22 for Ni-W-P deposits obtained by electroless deposition. When the phosphorus contents decrease and tungsten increases the crystalline character of the film is enhanced and the intensity of the Ni (111) reflection becomes stronger. This effect seems to have occurred with the films deposited in the present work. 
Film composition and morphology
Chemical composition of the films obtained in baths with different tungsten concentrations was determined by EDS analysis. The results are shown in Tab. 2.
Phosphorus content for the conventional binary Ni-P film obtained from bath 1 is 9.2 wt.%. Ni-P coatings with phosphorus contents ranging from 6 to 10 wt.% are considered as medium phosphorus films 26 . This is the case of the films obtained in baths 1, 2, 3 and 4. Only for the films obtained in bath 5 the phosphorus content was lower than 6 wt.%, denoting a low phosphorus coating. As tungsten incorporated into the film, the phosphorus content progressively diminished, as expected. According to Balaraju et al. 22 , the decrease of phosphorus content as tungsten is added to electroless baths used to produce Ni-W-P films would be due to the increase of metals to hypophosphite ratio in the bath. Furthermore, these authors hypothesize that competitive reactions between tungsten and phosphorus compounds can take place or the formation of complex compounds could inhibit the co-deposition of phosphorus during plating. The nickel content was near 90 wt.% for all the plating baths. The Ni/P, Ni/W and p/W ratios were calculated from the EDS data. The results are displayed in Fig. 2 . It is seen that the Ni/P increases from baths 1 to 5 due to the reduced phosphorus concentration. The gradual increase of tungsten concentration makes the Ni/W and P/W ratios decrease from baths 2 to 5, confirming the results reported by Balaraju et al. 22 . Figure 2 . Variation of the Ni/P, Ni/W and P/W ratios for the different coatings as determined from EDS analysis.
Film thickness was assessed by analyzing SEM micrographs of the cross-sections of the deposited films. The SEM micrographs of cross-sections for the different films are shown in Fig. 3 and Fig. 4 . The vertical bars displayed in each micrograph were inserted to allow for a visual indication of the deposited layer. The thicknesses were determined at different points along the film. The average thickness obtained for each plating bath is shown in Tab. 3. The deposition time was the same for all the baths. The thickness was relatively homogeneous and continuous along the width of the coating layer independently of the plating bath. The thinnest layer was obtained in bath 5, suggesting that the highest tungsten concentration of this plating bath reduced the deposition rate. Film thickness can be an important factor affecting the corrosion behavior of plated metals. This influence will be discussed in section 3.5. Additional compositional analysis of the cross-sections of the different coatings was performed using the linescan tool of the EDS software in order to reveal the presence of the main constituents of the coatings across the layer and at the interface with the steel substrate. The results are also shown in Fig. 3 and Fig. 4 at right of the cross-sectional SEM micrographs. The presence of Ni and P is promptly seen in the linescans together with small quantities of Fe, independently of the tungsten concentrations. Tungsten signal was detected with small intensities for the coatings obtained in baths 2 to 5, confirming its incorporation for the specimens treated in these baths. The presence of Fe can be a result of a small scale interdiffusion between the substrate and the coating. The presence of an interdiffusion layer has been reported for electroless Ni-P coatings 27 and is frequently associated with annealing treatments above 600°C. Notwithstanding, short range movement of atoms can take place at lower temperatures from 300 to 600°C
28 . However, the formation of an interdiffusion layer is more likely to occur above 600°C
29
. We did not detect the presence of an interdiffusion layer, since the relative counts of Ni and P sharply decreased from the film to the substrate and that of Fe sharply decreased from the substrate to the film. Nevertheless, Fe iron signal was detected at the coating layer, suggesting that some diffusion could have occurred during deposition and subsequent annealing at 400°C. In order to confirm this possibility, EDS mapping analyses of untreated samples were also performed to check for the presence of iron in the coating layer even in the as-deposited condition. The results are shown in Fig. 5 for a sample obtained in bath 3. The results for the other films were very similar and are not presented here. The cross-sectional SEM micrograph of the coating layer is shown in Fig. 5a . EDS mapping analyses for phosphorus, iron, nickel and tungsten are shown in Figs. 5b, 5c, 5d and 5e, respectively. As seen in Fig. 5c the iron signal is stronger at the substrate but it is also detected at the coating layer. Nickel, phosphorus and tungsten are mainly present at the coating layer, as expected. Diffusion is enhanced during heat treatment of the electroless nickel layer. Since iron was detected in the coating layer even in the as-deposited condition it is likely that it participated in the reaction process during film formation and not as a result of interdiffusion during heat treatment.
Surface morphology was considerably affected by the tungsten content. Figures 6 and 7 show SEM micrographs of the as-deposited coatings obtained in baths with different tungsten concentrations. For the conventional Ni-P film obtained in bath 1 (Fig. 6a ) the morphology is predominantly smooth with the presence of some small cavities which is a common feature of electroless nickel deposits 30 . Fort the coatings produced in bath 2 (Fig. 6b ) small nodules were formed which were not observed in the conventional Ni-P film (Fig. 6a) . In this regard, baths 3 and 4 (Figs. 7a and 7b, respectively) produced coatings with a similar nodular morphology. The nodules size seemed to increase for the coatings obtained in bath 4. The formation of nodular structures in films obtained by electroless deposition depends on the nucleation and growth rate of the deposit. The nucleation rate is a function of bath composition, pH, temperature and impurities, whereas the growth rate depends on the concentrations of the species in the plating bath [31] [32] [33] . Nodular structure is favored by a high nucleation rate during deposition 22 . When the tungsten concentration was further increased (bath 5), the nodular morphology was remarkably enhanced as shown in Fig. 7c . Small pores are also spread over the surface. The morphological features of a protective coating can strongly affect its corrosion resistance. Next section deals with this subject, aiming at identifying the correlation between tungsten concentration and the electrochemical behavior of the Ni-W-P films obtained in this work. Figure 8 presents typical nanoindentation load -penetration depth curves for the coatings obtained in baths with different tungsten concentrations. Hardness (H), Young's modulus (E) and the H/E ratio were determined from these curves and the values are reported in Tables 4 and 5 for the as-deposited and annealed films, respectively. The H/E ratio is related to the surface wear resistance, being employed as an indirect indication of this property for thin films 34 . Fig. 8 that the maximum penetration depth and residual depth after unloading decreased for the annealed coatings when compared to the as-deposited state. This effect would reflect the precipitation of Ni 3 P crystallites upon annealing, as indicated by the XRD results (Fig. 1) , independently of the tungsten concentration. This behavior indicates that hardness increased upon annealing for all the coatings as shown in Tables 4 and 5 . The Young's modulus was also affected by the heat treatment, increasing after annealing. This effect was reported by other authors and is due to the precipitation of Ni 3 P crystallites in the nickel matrix 35 .
Nanoindentation tests
It is seen from
Hardness was also dependent on the tungsten concentration in the film. It is seen from Tables 4 and 5 that hardness increased with the tungsten concentration in both the as-deposited and annealed specimens. This solid solution strengthening by tungsten incorporation into Ni-P films has been observed by Li et al.
36
, revealing the importance of controlling the tungsten content of electroless Ni-W-P coatings to achieve optimize their surface properties.
It is interesting to note, yet, that the H/E ratio of the Ni-W-P was optimized for the coatings obtained in baths 3 and 4 with respect to the other films. This ratio takes into account the elastic strain to failure of a thin film, being related to its elasticity and toughness and, ultimately, to its wear resistance. In this regard, the results reported here indicate that tungsten effectively improved the surface properties of the Ni-P conventional layer. This effect was more pronounced for the intermediate tungsten contents.
Surface roughness and friction characteristics
The surface topography of the coatings obtained in baths 1 to 5 is presented in Tab. 6 that presents CLSM 3D images of the coatings in the as-deposited and annealed conditions. The corresponding surface roughness of the coatings is shown in Fig. 9 . The values are expressed as the Ra parameter that corresponds to the arithmetic average roughness of surface and is widely used to characterize the surface profile of engineering materials 37 . The CLSM 3D views indicate that the surface topography is relatively smooth, except for the coating obtained in bath 1 in the as-deposited condition. There was a trend of decreasing surface roughness after annealing for the coatings obtained in baths 1, 2 and 3. For the coatings with higher tungsten concentrations (4 and 5), though, the Ra value in the annealed state was nearly the same as in the as-deposited condition. The surface roughness of electroless nickel coatings can be affected by annealing. Diffusion of nickel atoms upon annealing of Ni-P coatings is reported to decrease the surface roughness. Although this effect should not be disregarded for the coatings obtained in baths 1, 2 and 3, it is not active for the coatings produced in baths 4 and 5. It is possible that an increase in tungsten concentration promotes a reduction of the film roughness by affecting the film morphology. As indicated in the SEM micrographs shown in Figs. 7b and 7c a nodular structure was enhanced for the films obtained in baths 4 and 5, leading to a smoother surface.
The variation of the friction coefficient with the sliding distance during reciprocating wear tests of coatings obtained in baths 1 to 5 is shown in Fig. 10 . The friction coefficient curves at the as-deposited state (Fig. 10a ) present higher fluctuations with the sliding distance when compared to the curves obtained for the coatings in the annealed state (Fig. 10b) . This effect would be related to the smoother surfaces obtained after annealing being more significant for the coatings obtained in baths 1 and 2 which are the least smooth coatings in the as-deposited condition. The smoothest surfaces yielded the lowest values of the friction coefficient either in the as-deposited. Similar findings have been reported by other authors 38 . The influence of Ra for the annealed specimens is not very clear. It is seen that the friction coefficient for the coating obtained in bath 3 is lower than that of the coating obtained in bath 1 in the annealed state (Fig. 10b) . Notwithstanding, its value of Ra is very similar to that of the specimen plated in bath 1. Moreover, the film produced in bath 5 is rougher than those obtained in baths 3 and 1 (Fig. 9 ) but its friction coefficient is lower in the annealed state (Fig. 10b) . It seems, therefore, that other aspects should affect the friction properties of the Ni-W-P films produced in the present work. In addition to the surface roughness, the mechanical properties of coatings such as hardness and Young's modulus are often related to the friction characteristics. The friction coefficient is lower for hard surfaces when compared to more ductile ones 35 . This effect would manifest upon annealing due to the precipitation of Ni 3 P phase as confirmed by the XRD patterns shown in Fig. 1 . One additional aspect related to the friction coefficient is surface morphology. A nodular structure, forming cauliflower aspect is often associated with a reduced friction coefficient, as reported by Duari et al. 39 . In this respect, the lowest friction coefficient of the coating obtained in bath 5 would reflect the influence of hardness, roughness and surface morphology.
Corrosion behavior
Potentiodynamic polarization curves of the as-deposited coatings obtained in baths with different tungsten concentrations are shown in Fig. 11 . The electrolyte was 3.5 wt.% NaCl solution at room temperature. Corrosion parameters obtained from these curves are displayed in Tab. 7.
The corrosion potential (E corr ) of the coated specimens was shifted to nobler values in comparison with the bare substrate, indicating better stability in the electrolyte for all plating conditions with respect to the uncoated steel. In the same way, the corrosion current density (i corr ) decreased for the plated specimens. Electroless nickel plating has been reported to reduce the corrosion rate of metallic substrates due to a barrier effect. Literature reports indicate that nickel is preferentially dissolved at the open circuit potential, thus leading to phosphorus enrichment on the surface of the coated substrate 40 . By reacting with water, hypophosphite ions are formed according to equation (1) . The adsorbed hypophosphite layer has a blocking action on the coated surface, preventing nickel hydration due to a limited water supply which is reported to be the initial stage for the formation of soluble Ni 2+ or a nickel passive layer 41, 42 .
The effect of tungsten addition on the corrosion resistance of the as-plated films can be promptly perceived by the data shown in Tab. 7. No significant beneficial effect of tungsten incorporation into the Ni-P can be detected in comparison with the conventional Ni-P films obtained in bath 1. The decreased phosphorus content in the as-plated films after tungsten incorporation could have a negative effect on the formation of a protective hypophosphite layer on the coated surfaces. A similar trend has been also reported by Balaraju et al.
17
. However, the deposit obtained in bath 5, that presents the lowest phosphorus concentration according to the EDS data (Tab. 2), shows the highest corrosion resistance as denoted by its low i corr value. This behavior seems to be in contrast with the surface morphology shown in Fig. 7c in which it is possible to see the presence of several small pores spread over the film surface. The presence of such defective features would facilitate the penetration of electrolyte through the coating, thus leading to substrate corrosion. Nevertheless, as shown in the cross-section SEM micrograph of Fig. 4b , this deposit is dense and compact. Hence, the small pores in its top surface did not reach the substrate. Hence, the corrosion resistance may not be hampered in this situation, as observed by other authors
22
. Potentiodynamic polarization tests of the films obtained in baths 1 to 5 after annealing at 400°C were conducted according to the same conditions used for the as-plated films. The polarization curves are shown in Fig. 12 . Corrosion parameters obtained from these curves are displayed in Tab. 8. The results reveal a trend of gradual increase of corrosion potential with the tungsten content in the film as well as a progressive decrease of the corrosion current densities.
Tungsten incorporation can enhance the corrosion properties of electroless Ni-P after annealing at temperatures ranging from 400°C to 600°C
17 . This effect would manifest due to diffusion of the passivating element tungsten, thereby increasing the protective character of the deposited layer, forming a more stable passive film. The excellent performance of the film obtained in bath 5 which is the most tungsten- enriched layer would be a consequence of this effect. It is also interesting to note that, in spite of the relatively small thickness of the coating obtained in bath 5 in comparison to the other ones (see Tab. 3), its corrosion resistance was not reduced. In this respect, the superior concentration of the passivating element tungsten seem to control the electrochemical response of the Ni-W-P coatings, being the coating thickness of limited influence under the conditions tested in the present work. 
Conclusions
Electroless Ni-W-P films were produced in baths with different tungsten concentrations. XRD patterns indicated that Ni and Ni 3 P crystallites were present after annealing at 400°C, independently of the tungsten concentration. Film morphology was affected by tungsten incorporation. The highest tungsten content produced a smooth and nodular morphology. The phosphorus content was progressively reduced as the tungsten content increased in the film. Coatings hardness increased after annealing and scaled with tungsten concentration. The surface roughness was affected by the tungsten content, decreasing as the surface morphology became more nodular. The lowest friction coefficient was associated with the hardest and smoothest surfaces which, in turn, were obtained for the coatings with high tungsten concentrations. The corrosion behavior, in turn, was little affected by tungsten incorporation in the as-plated state whereas the surface stability and corrosion resistance increased for higher tungsten contents in the film after annealing at 400°C.
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